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ABSTRACT 

Fertilin (3 (also known as ADAM2), a mammalian sperm pro- 
tein that mediates gamete cell adhesion during fertilization, is a 
member of the ADAM protein family whose members have dis- 
integrin domains with homology to integrin ligands found in 
snake venoms. Fertilin p utilizes an ECD sequence within its 
disintegrin domain to interact with the egg plasma membrane; 
the Asp is especially critical. Based on what is known about 
different integrin subfamilies and their ligands, we sought to 
characterize fertilin p binding sites on mouse eggs, focusing on 
integrin subfamilies that recognize short peptide sequences that 
include an Asp residue: the ct s /a a /ctja nh or RGD-binding sub- 
family (cl 5 $ u otap,, otyP,, o£ v p 3 , ot v p s , ot v P6/ <*vP 8 / and a Mb p 3 ) and 
the cl 4 /cl 9 subfamily (et 4 ft, o^p,, and ot 4 p 7 ). We tested peptide 
sequences known to perturb interactions mediated by these in- 
tegrins in two different assays for fertilin p binding. Peptides 
with the sequence MLDG, which perturb aja^ integrin-medi- 
ated interactions, significantly inhibit fertilin p binding to eggs, 
which suggests a role for a member of this integrin subfamily as 
a fertilin p receptor. RGD peptides, which perturb a^ajciy/a^ 
integrin-mediated interactions, have partial inhibitory activity. 
The anti-a 6 antibody GoH3 has little or no inhibitory activity. 
An antibody to the integrin-associated tetraspanin protein CD9 
inhibits the binding of a multivalent presentation of fertilin p 
(immobilized on beads) but not soluble fertilin p, which we 
speculate has implications for the role of CD9 in the strength- 
ening of fertilin p-mediated cell adhesion but not in initial li- 
gand binding. 

fertilization, gamete biology, ovum, sperm 

INTRODUCTION 

The interaction of gamete plasma membranes is medi- 
ated by cell adhesion molecules on the sperm and egg. Cur- 
rent evidence suggests that three ADAM (a disintegrin and 
metalloprotease domain) proteins, fertilin a (ADAM1), fer- 
tilin P (ADAM2), and cyritestin (ADAM3), participate in 
mammalian sperm-egg adhesion [1-8]. ADAMs, most no- 
tably the disintegrin domains in these proteins, share se- 
quence homology with snake venom disintegrins and me- 
talloproteases [9-11]. Several of these snake venom poly- 
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peptides interact with certain integrins via sequences in a 
region of the disintegrin domain, called the "disintegrin 
loop," because an adhesion-mediating tripeptide sequence, 
RGD, is presented at the end of an extended loop [12, 13], 
Very few ADAMs have an RGD sequence in the disintegrin 
loop. Studies of point-mutated versions of the fertilin p 
disintegrin loop have demonstrated that the sequence ECD, 
especially the Asp residue, is the critical region of mouse 
fertilin p for mediating gamete cell adhesion during fertil- 
ization [14, 15]. 

One or more integrins on the egg surface have been pro- 
posed to serve as a receptor for fertilin p as well as other 
sperm ADAMs. Integrins are heterodimeric membrane re- 
ceptors that mediate cell-matrix and cell-cell interactions. 
To date, 18 different a subunits and 8 0 subunits have been 
identified in vertebrates. These combine to make 24 differ- 
ent ct/p combinations, all with different ligand specificities. 
Integrins can be grouped into five distinct subfamilies based 
on sequence homologies between integrin a subunits and 
on ligand specificities (Fig. 3). Although ct 6 Pi was first pro- 
posed to be the egg receptor for fertilin p [16, 17], other 
data indicate that a 6 on the egg plasma membrane is not 
essential for fertilization or for fertilin p binding to eggs 
[2, 18]. 

Based on what is known about integrin subfamilies and 
the ligands that they recognize, we undertook a study to 
characterize the fertilin p binding sites on mouse eggs, fo- 
cussing on candidate integrins that interact with ligands 
with similarities to fertilin p. As noted above, an ECD se- 
quence in the fertilin p disintegrin domain mediates the 
interaction of fertilin p with the egg plasma membrane; the 
Asp residue within this motif appears to be critical [14, 15]. 
Two integrin subfamilies recognize short peptide sequences 
that include an Asp residue (Fig. 1). One of these is the ct 5 / 
a 8 /av/a IIb integrin subfamily (ot 5 Pi, a 8 p ls a v Pi, ot v p3> 
<*vPs» a vP6> a vPs> and «iibP3)» als0 known as RGD-binding 
integrins (Fig. 1). As this name implies, these integrins rec- 
ognize RGD tripeptide sequences in a variety of ligands, 
including fibronectin, vitronectin, fibrinogen, and other 
molecules. The interactions between RGD-binding inte- 
grins and their ligands can be disrupted with RGD-contain- 
ing synthetic peptides and snake venom disintegrins [9, 10, 
19]. In addition, three of the five integrins implicated as 
receptors for ADAMs are members of the RGD-binding 
subfamily: ot v p 3 [20-22], a v p 5 , [23], and a s 0i [21]. These 
integrins interact with ADAM 15, ADAM9, and ADAM23. 
ADAM9 [23] and ADAM23 [22] do not have RGD se- 
quences in their disintegrin domains, but instead have ECD 
sequences, such as fertilin p. The human homologue. of 
ADAM 15 has the sequence RGDCD, with an RGD tripep- 
tide as well as the sequence DCD, which is similar to and 
aligns with the ECD, which is found in fertilin p and other 
ADAMs. 
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FIG. 1 . Sequence similarities and ligand specificities of integrin a sub- 
units. The similarity tree is based on previously published similarity trees 
|64, 65]. The general ligand specificities of each of the subfamilies are 
noted in the figure (more details are discussed in [26]; note that the con- 
sensus sequence given for a 4 and ot 9 applies primarily to ot 4 integrins). 



Another integrin subfamily, the ot 4 /a 9 integrins (ot^j, 
a 9 0 b and a 4 0 7 ), recognizes short peptide sequences ttfat 
include an Asp residue (Fig. 1). The adhesion-mediating 
sites in a subset of a 4 /a 9 ligands include an Asp residue 
(fibronectin, UQVP; VCAM-1, IDSP; MadCAM-1, LQTS; 
tenascin-C, AEtQGIEL; see [24-26] and references there- 
in). In the ligands for which the structure is known, the Asp 
residues (Asp40 in VCAM-1 [27] and Asp42 in MadCAM- 
1 [28]) are presented on protruding loops, similar to the 
presentation of the RGD tripeptide in fibronectin [29] and 
disintegrins [12, 13]. In addition, a 9 3, interacts with se- 
quences that are similar to the ECD in mouse fertilin 
RGDCD in human ADAM 15, TDDCD in mouse 
ADAM15, SNSCD in human and mouse ADAM12, and 
SGACD in a mutated form of human ADAM 15 [30]. The 
interactions of ct 4 Pi and ct 9 p, with one ligand, VCAM-1, 
can be disrupted with the dimeric snake disintegrins EC3 
and EC6 and with peptides containing the sequence 
MLDG, corresponding to the disintegrin loop sequences 
from the EC3B and EC6A subunits [31-33]. The MLD in 
these proteins aligns with the RGD in other snake disinte- 
grins. Because a 4 p! recognizes an Asp-containing sequence 



(IDS in VCAM-1) and this interaction is disrupted by an 
MLDG-containing peptide, we hypothesized that an 
MLDG-containing peptide might perturb the ECD-mediat- 
ed interaction of fertilin p with binding sites on the egg 
membrane. 

In this study we examine whether the binding of recom- 
binant fertilin 0 disintegrin domain to mouse eggs can be 
perturbed by RGD-containing and MLDG-containing pep- 
tides. These sequences are presented on bacterial alkaline 
phosphatase (BAP), because we have observed that ECD 
peptide sequences presented at the termini of fusion pro- 
teins are more effective inhibitory reagents than are syn- 
thetic peptides [15]. Fertilin p binding to zona pellucida 
(ZP)-free eggs is assessed using two different assays and 
presentations of fertilin (J: "soluble fertilin P" (diluted in 
culture medium; egg-associated protein is detected with a 
quantitative luminometric immunoassay [2]) and "bead-im- 
mobilized fertilin 0" (fluorescent beads coated with recom- 
binant fertilin p medium; egg-associated beads are detected 
by fluorescence microscopy [34]). Results with the RGD 
and MLDG peptides in these two assays prompted us to 
reexamine two other egg molecules that have been impli- 
cated in fertilization and the interactions of sperm and fer- 
tilin p with the egg: the integrin a 6 0! [14, 16, 17], and the 
tetraspanin CD9 [35-38]. Our data implicate a member of 
the a 4 /ct 9 subfamily of integrins in the interaction of fertilin 
P with the egg membrane. We also observe that bead-im- 
mobilized fertilin p appears to interact with a binding site 
that is sensitive to perturbation by an anti-CD9 antibody, 
whereas soluble fertilin p interacts with a site that is not 
perturbed by this antibody, which is similar to what we 
have observed for fertilin a [39]. These data raise the pos- 
sibility that the binding of fertilin P in a multimeric context 
(i.e., multiple molecules coating a bead) to eggs requires 
CD9 function, possibly via a receptor that is a component 
of a multiprotein complex containing CD9 (such tetraspan- 
in-containing complexes are called "tetraspanin webs" 
[40]). In contrast, binding of fertilin p in a monomeric con- 
text (i.e., soluble in culture medium) to eggs does not re- 
quire CD9 function. These data will be discussed with re- 
spect to ligand-receptor interactions as compared to adhe- 
sion strengthening. 

MATERIALS AND METHODS 

Production of Recombinant Forms of the Fertilin j3 
Disintegrin Domain 

Mouse fertilin (3 disintegrin domain ((3D) and disintegrin loop ((3DL) 
were generated as fusion proteins with maltose binding protein (MBP) as 
previously described [15]. Mouse fertilin [3D was also generated as a fu- 
sion protein with glutathione S-transferase (GST). To generate GST-fertilin 
[3D, a DNA fragment encoding the mouse fertilin 0 disintegrin domain 
(nucleotides 1 162-1431 of GenBank accession number U 16242) was pre- 
pared by polymerase chain reaction (PCR) amplification from mouse fer- 
tilin (3 plasmid DNA [4] ] using Pfu polymerase (Promega, Madison, Wl). 
The 5' primer (5'-GCGGATCCCATCACCATCACCATCACAAGATG- 
GCGGTCTGTG-3') corresponded to nucleotides 11 62-1 177 of mouse fer- 
tilin p also contained a six-histidine (6-His) tag and a BamHl restriction 
site. The 3' primer (5 '-GAGAGTCGACTTAACCGTTTTGAACAAA- 
GAA-3') corresponded to nucleotides 1414-1431 of mouse fertilin [3 and 
also included a stop codon and a Sail site. The PCR product was digested 
with BamHl and Sail, and was cloned into pGEX-4T-l vector (Amersham- 
Pharmacia Biotech Inc., Piscataway, NJ) according to standard protocols. 
The resulting plasmid (pGEX-4T- 1 -(3D) was sequenced to verify the cor- 
rect DNA sequence and in-frame cloning. To produce GST-fertilin 0D, a 
1-L culture of pGEX 4T-l-(3D-carrying DH5a Escherichia coli was in- 
duced with 0.1 mM isopropylthiogalactoside (Sigma, St. Louis, MO) at 
30°C for 4 h. The cells were pelleted and resuspended in 20 ml of cold 
PBS. The resuspension was sonicated on ice three times, 1 min each time. 
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TABLE 1 . Oligonucleotide sequences used to generate BAP-presented peptides. 



BAP-presented peptide Oligonucleotide and deduced amino acid sequences 



BAP-ECD 


CTAGT GCC CAA GAT GAG TGT GAT GTC ACAG 

A CGG Gil CTA CTC ACA CIA ulAu J.(j1CC1A<j 
AQDECDV T 


BAP-ECE 


CTAGT GCC CAA GAT GAG TGT GAG GTC ACAG 

A CGG Gi l CTA CTC ACA CT1C CAta ItalCCIAtj 

AQDECEVT 


BAP-ECA 


CTAGT GCC CAA GAT GAG TGT GCA GTC ACAG 

A CGG GTT CTA C1C ACA Lul CAtj HilLLlAb 
AQDECAVT 


BAP-RCD 


CTAGT GGA CGT GGC GAT ACA CGT G 

A CCT GCA CCG CTA TGT GGA CCiAlj 
G R G D T P 


BAP-RGE 


CTAGT GGT CGA GGA GAG ACT CCT G 

A CCA GCT CCT CTC IGA GGA (.1.1 AG 
G R G E T P 


BAP-RGA 


CTAGT GGA CGT GGC GCC ACG CCT G 

A CCT GCA CCG CGG TGC GGA CCTAG 
G R G A T P 


BAP-sRGD 


CTAGT ACG GAT GGA CCT GGT CGC G 

A TGC CTA CCT GGA CCA GCG CCTAG 
T D G P G R 


BAP-MLDC 


CTAGC AAG CGA GCT ATG CTA GAC GGT CTC AAT GAT TAC G 
G TTC GCT CGA TAC GAT CTG CCA GAG TTA CTA ATG CCTAG 
KRAMLDGLNDY 



BAP-MAAG CTAGC AAG CGA GCT ATG GCA GCC GGT CTC AAT GAT TAC G 



G TTC GCT CGA TAC CGT CGG CCA GAG TTA CTA ATG CCTAG 
KRAMAAGLNDY 



After centrifugation at 5000 X g for 20 min, the supernatant was applied 
to a 1-ml glutathione column. The column was washed with —50 bed 
volumes of PBS, then GST-fertilin (3D was eluted from the column with 
10 mM of reduced glutathione in 10 mM Tris-HCl, pH 7.5. The GST- 
fertilin (3D protein ran at an M r = 39000 under reducing conditions and 
M r = 36 500 under nonrcducing conditions, which is suggestive of the 
formation of intramolecular bonds; there were no apparent multimers 
formed through intermolecular disulfide bonds, which is consistent with 
observations of other GST- AD AM disintegrin domain fusion proteins [8, 
20, 22, 23, 30, 35]. The purified GST-fertilin (3D protein was cleaved with 
thrombin (Sigma) at 20 |xg/ml at 4°C overnight, to separate fertilin |3 from 
the GST fusion partner. The cleaved fertilin 0D (with the 6-His tag) was 
separated from GST by chromatography on a glutathione column, and then 
further purified on a nickel -agarose column (Novagen, Madison, WT). Pu- 
rified recombinant fertilin (3D was dialyzed against WHITCO buffer 
(109.5 mM NaCl, 4.7 mM KC1, 1.2 mM KH 2 P0 4 , 7 mM NaHC0 3 , 15 
mM Hcpes) for 36 to 48 h with four or more buffer changes. The dialyzed 
protein was concentrated (Microcon microconcentrators; Amicon, Beverly, 
MA) to 2-10 mg/ml. We refer to this protein as "GST-expressed fertilin 
pD," to indicate that it was expressed as a fusion protein with GST, even 
though it has been cleaved free of the GST fusion partner for use in this 
study. 

BAP-Presented Peptides 

BAP-ECD (also referred to as BAP-pDL [j3 disintegrin loop]), and its 
controls BAP-ECE and BAP-ECA, were described previously [15]. The 
BAP-presented RGD, MLDG, and control peptides were generated using 
methods previously described [15]. Oligonucleotides were designed cor- 
responding to the sense and antisense strands encoding the desired amino 
acid sequences (Table 1), and included a BgM overhang at the 5' end and 
a Sail overhang at the 3' end. The RGD peptide sequence was selected 
because GRGDTP showed greater activity than GRGDSP in a previous 
study [41]. AH plasmid constructs were sequenced to confirm the insert 
sequences. The BAP-presented peptides were purified using a nickel aga- 
rose column (Novagen) as previously described [15]. The purified BAP- 
presented peptides were extensively dialyzed against WHITCO buffer, and 
then concentrated to at least 10 mg/ml. 

Egg Collection and Zona Pellucida Removal 

This work was conducted in accordance with the Guiding Principles 
for Biomedical Research Involving Animals as promulgated by the Society 
for the Study of Reproduction. Cumulus cell-free metaphase 1 1 -aires ted 



eggs were obtained from superovulated 6- to 9-wk-old CF-1 mice (Harlan, 
Indianapolis, IN) as previously described [2, 41]. All gamete cultures were 
performed in Whitten medium [42] containing 22 mM NaHC0 3 and 15 
mg/ml BSA (Albumax I; Life Technologies, Grand Island, NY) at 37°C 
in 5% C0 2 in air. Divalent cation concentrations for all incubations were 
2.4 mM CaC! 2 and 1.2 mM MgS0 4 . For most experiments, the ZPs were 
removed by a very brief incubation (^ 15 sec) in acidic medium-compat- 
ible buffer [2]. For experiments using the monoclonal antibody GoH3 
(anti-a 6 integrin subunit; Immunotech, Westbrook, ME), the ZPs were re- 
moved by incubating the eggs in medium containing 10 p-g/ml chymo- 
trypsin (Sigma) for up to 5 min, allowing the ZP to swell, and then shear- 
ing off the ZP with a thin-bore pipette [2, 16]. This treatment is used 
because GoH3 shows little or no binding to eggs from which the ZPs have 
been removed by acid solubilization [2]. Following ZP removal, the eggs 
were allowed to recover for 60 min in Whitten medium. 

Luminometric Immunoassay Detection of Protein Binding 
to ZP-Free Eggs 

General information on the luminometric immunoassay to detect the 
binding of recombinant fertilin proteins diluted in culture medium (referred 
to as "soluble") have been described elsewhere [2, 15, 39]. In this study, 
ZP-free eggs were incubated in Whitten medium containing the indicated 
BAP-presented peptide (20, 40, 80, or 100 \jM as noted in figure legends), 
or the anti-a 6 monoclonal antibody GoH3 (Immunotech; 0.5 mg/ml) or 
the anti-CD9 monoclonal antibody KMC8.8 (Pharmingen, San Diego, CA; 
50-500 u,g/ml) for 60 min. The eggs were then incubated with 0.5 mg/ 
ml recombinant fertilin (3D (9.0 u-M of MBP-fertilin (3D, 10.0 u.M of 
MBP-fertilin (3DL, or 38.0 p.M GST-expressed fertilin 0D) in the presence 
of the indicated BAP-presented peptide or antibody for an additional 60 
min. MBP-fertilin 0D or -|3DL was detected with a rabbit anti-MBP poly- 
clonal serum (New England Biolabs, Beverly, MA) diluted 1:750, fol- 
lowed by 0.12 u.g/ml of an alkaline phosphatase (AP)-conjugated goat 
anti-rabbit immunoglobulin (Ig) G (Jackson Immunoresearch, West Grove, 
PA). GST-expressed fertilin (JD was detected with 100 ng/ml anti His-Tag 
monoclonal antibody (Novagen), followed by 0.12 jig/ml AP-conjugated 
goat anti-mouse IgG secondary antibody (Jackson Immunoresearch). AP 
activity associated with individual eggs was detected by measuring photon 
emission in raw light units over a 10-sec duration (RLU/10 sec) in a 
Monolight 3010 luminomcter (Analytical Luminescence Laboratory, 
Sparks, MD) as previously described [2, 15, 39]. Data were normalized 
for fertilin 0 binding to eggs treated with the appropriate control (e.g., no 
or control protein/antibody, noted in the figure legends), defined as 100%. 
Background levels of luminometric signal (i.e., from eggs with no recom- 
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FIG. 2. Effects of BAP-RGD, BAP-RGE, BAP-sRGD, and BAP-ECD on the 
binding of MBP-fertilin ^DL to eggs. ZP-free eggs were incubated in me- 
dium containing the indicated concentration (40, 80, or 100 u.M) of the 
indicated BAP-presented peptide for 60 min, and then incubated in me- 
dium containing 0.5 mg/ml of MBP-fertilin (3DL (10 u,M) and the indi- 
cated BAP-presented peptide for 60 min. The levels of MBP-fertilin pDL 
binding to eggs were then assessed with a tuminometric immunoassay 
using an anti-MBP antibody. The data presented are from at least three 
individual experiments (with 8-12 eggs tested per peptide per experi- 
ment), and are normalized for level of MBP-fertilin pDL binding to control 
eggs with no BAP-presented peptide added (0 u,M; average 13113 ± 
1025 RLU/10 sec), which was defined as 100%. (Note that in this assay, 
background levels of luminometric signal [i.e., from eggs with no recom- 
binant protein but fixed and processed with antibodies then with AP sub- 
strate! are ~15%-30% of signals from control eggs incubated in recom- 
binant fertiiin (5, defined as 100%.) Error bars represent SEM. Filled 
squares, BAP-ECD; filled diamonds, BAP-RGD; open circles, BAP-RGE; 
open triangles, BAP-sRGD; open squares, BAP control. The differences 
between binding levels with 80 or 100 u.M BAP-ECD, BAP-RGD, and 
BAP-RGE were statistically significantly different from those in the ab- 
sence of BAP-presented peptide and in 80 or 100 u.M control BAP. The 
effects of BAP-sRGD (80 or 1 00 u,M) were not statistically significant com- 
pared with these controls. 

binant protein but fixed and processed with antibodies and AP substrate) 
are typically ~15°/c^30% of signals from control eggs with bound fertiiin 
P [2, 15]. 

Statistical Analysis 

Statistical analyses of data from above-described quantitative lumino- 
metric immunoassay were performed by ANOVA with the Fisher pro- 
tected least significant difference post-hoc testing, performed with Stat- 
View version 5.0 (SAS Institute, Cary, NC). 

Preparation of Recombinant Fertiiin fiD-Coated 
Fluorescent Beads and the Binding of Bead-Immobilized 
Recombinant Fertiiin j3D to Eggs 

Details on the use of fluorescent beads (0.2 |xm yellow-green sulfate- 
derivatized latex FluoSpheres; Molecular Probes, Eugene, OR) have been 
described elsewhere [34, 39]. MBP-fertilin pD-coated beads were prepared 
as previously described for an MBP-fertilin a fusion protein [39]. Beads 
were coated with GST-cxpresscd fertiiin 0D by incubating beads in PBS 
containing 1 mg/ml GST-expressed fertiiin PD at 4°C overnight, as de- 
scribed for a GST-expressed version of the cyritestin disintegrin domain 
[8]. GST-expressed fertiiin p-coated beads and MBP-fertilin pD-coated 
beads bound to eggs to similar extents. GST-cxpressed fertiiin pD-coated 
beads were then blocked with rabbit IgG (final concentration I mg/ml) for 
1 h at room temperature. The beads were washed twice with PBS, then 
resuspended to a concentration of 0.2% in WHITCO buffer. The 0.2% 
bead suspension was sonicated before use, and then diluted to 0.02% in 
Whitten medium containing 15 mg/ml BSA. ZP-free eggs were incubated 
with the indicated BAP-presented peptide (100 u.M), or GoH3 or control 
rat IgG (0.5 mg/ml), or KMC8.8 (50-500 u.g/ml) for 60 min. The eggs 
were then incubated with 0.02% suspension of fertiiin p-coated beads in 
Whitten medium containing the indicated BAP-presented peptide or anti- 
body in a 20-u.l culture drop for an additional 60 min. The eggs were 
washed through four 200-u.l drops of Whitten medium containing 15 mg/ 



ml BSA to remove unbound beads, and then were mounted on a micro- 
scope slide in Whitten medium and viewed on a Nikon Eclipse fluorescent 
microscope. Digital images were captured with a Princeton 5 MHz cooled 
interlined CCD camera (Princeton Instruments Inc., Trenton, NJ) using IP 
Labs software (Scanalytics, Fairfax, VA). Images for all samples in an 
experiment were collected with the same exposure time and were not 
further manipulated, except for cropping in Photoshop 6.0 (Adobe Systems 
Incorporated, San Jose, CA) for figure preparation. Bead binding levels 
were assessed qualitatively, as compared to binding levels in control 
groups, by examining eggs from the entire experimental series (three ex- 
periments per series, with 10-20 eggs examined per group per experi- 
ment). 

RESULTS 

Effects of BAP-Presented RGD Peptides on the Binding 
of MBP-fiDL or @D to Eggs 

As detailed in the Introduction, we hypothesized that 
fertiiin p could interact with a member of the RGD-binding 
integrin subfamily on the egg membrane. To test this hy- 
pothesis, we conducted a series of experiments to examine 
the effects of BAP-presented RGD and control peptides 
(RGE and scrambled RGD, sRGD; Table 1) on the binding 
of soluble MBP-fertilin pDL to eggs. MBP-fertilin pDL 
(fertiiin p disintegrin loop) represents the minimal recog- 
nition domain of fertiiin p and inhibits sperm-egg binding 
to a similar extent as recombinant disintegrin domain and 
the complete extracellular domain of fertiiin p [15]. 

BAP-RGD moderately inhibited the binding of soluble 
MBP-PDL to eggs, with no inhibition at 40 |xM, and in- 
hibition to 46% of control levels at 100 |iM (Fig. 2). The 
positive control BAP-ECD had a much more significant 
inhibitory effect, with 35% and 25% of control binding 
levels observed at 40 and 80 |xM, respectively. Control 
BAP and BAP-sRGD had little inhibitory effect on the 
binding of MBP-PDL to eggs, even at concentrations up to 
100 fiM. BAP-RGE (the standard negative control for RGD 
[43]) exhibited a moderate inhibitory effect (inhibition to 
-55% of control levels with 100 |xM BAP-RGE) on the 
binding of MBP-fertilin pDL. The effects of 80 and 100 
|xM BAP-RGD and BAP RGE were not statistically sig- 
nificantly different from each other (P > 0.05). 

The moderate inhibition of MBP-fertilin pDL binding 
by BAP-RGE prompted us to design a BAP-RGA peptide 
(Table 1) in order to assess the effects of an acidic residue 
in this position, as well as to examine the effects of these 
various peptides on MBP-fertilin pD binding. At 100 |iM, 
BAP-RGA did not have a significant effect on the binding 
of MBP-fertilin pD to eggs, similar to BAP-sRGD and con- 
trol BAP (Fig. 3A). BAP-RGD and BAP-RGE had modest 
effects, reducing the binding of MBP-fertilin pD to —57% 
and -73%, respectively, of levels observed with control 
eggs (Fig. 3 A). BAP-RGD and BAP-RGE appeared to have 
somewhat less effect on MBP-fertilin pD binding (Fig. 3A) 
than on MBP-fertilin pDL binding (Fig. 2). We also com- 
pared the effects of BAP-ECE and BAP-ECA to those of 
BAP-ECD. BAP-ECD reduced MBP-fertilin pD binding to 
—40% of control levels, whereas BAP-ECA had no effect 
(Fig. 3). BAP-ECE had a modest inhibitory effect, reducing 
the binding of MBP-fertilin pD to -74% of control levels 
(Fig. 3A); this effect was statistically different from BAP- 
ECD and BAP-ECA (P < 0.05), and was statistically sim- 
ilar to BAP-RGE (P > 0.05). 

Effects of BAP-Presented MLDG Peptide on the Binding 
of MBP-Fertilin f$D to Eggs 

The partial inhibitory effects observed with BAP-RGE 
and BAP-ECE (Fig. 3A), with the conservative Glu sub- 
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FIG 3 Effects of BAP-RGD and BAP-MLDG peptides on the binding of MBP-fertilin 0D and GST-expressed fertilin pD to eggs. A) ZP-free eggs were 
incubated in medium containing the indicated BAP-presented peptide (100 p.M) for 60 min, and then in medium containing 0.5 mgmii of MBP-fertHm 0D 
(solid bars) or GST-€xpressed fertilin (JD (open bars) and 100 of the indicated BAP-presented peptide for 60 min. Control eggs were incubated in 
medium lacking BAP-presented peptides ("no peptide''; signals from these eggs were defined as 100%). The levels of MBP-fertilin 0D and GST-expressed 
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experiments with MBP-fertilin pD and GST-expressed fertilin pD, respectively). Error bars represent SEM. The differences between binding levels with BAP- 
ECD BAP-ECE BAP-RGD, BAP-RGE, and BAP-MLDG were statistically significantly different (P < 0.05; denoted by asterisks) from those in the absence 
of BAP-presented peptide and in control BAP. B-w) ZP-free eggs were incubated in 100 of the indicated BAP-presented peptide (as labeled in the 
figure and listed below) for 60 min. The eggs were then cultured for 60 min in a 20-uJ drop of Whitten medium containing 100 \lM of the indicated BAP- 
pfesented peptide and a 0.02% suspension of fluorescent 0.2-Lim fluorescent beads coated with MBP-fertilin pD (uppercase letters) or with GST-expressed 
fertilin BD (lowercase letters). (The diameter of a mouse egg is -80 jtm. Magnification for B-W is slightly different from that for b-w.) Upper rows of 
panels (B-V and b-v) show the phase contrast images; lower rows (C-W and c-w) of panels show fluorescent images. The egg treatments were as follows: 
no BAP-presented peptide (B, b, C, and c), control BAP (D, d, E, and e), BAP-ECD (F, f, G, and g), BAP-ECE (H, h, I, and i), BAP-ECA (J, j, K and k), BAP- 
RGD (L, I, M, and m), BAP-RGE (N, n, O, and o), BAP-RGA (P, p, Q, and q), BAP-sRGD (R, r, S, and s), BAP-MLDG (T, t, U ( and u), BAP-MAAG (V, v, 
W, and w). Shown are the results of one experiment that was repeated three times with similar results each time. 



stitution for an Asp, on the interaction of fertilin p to eggs 
were similar to effects seen in a study of VCAM-1, an ot 4 / 
ct 9 integrin family ligand [44]. In this study, a substitution 
of GIFT (from ICAM-1) for QIDS in VCAM-1 did not 
adversely affect the ability of VCAM-1 to interact with 
ct 4 P! on cells. This relative "tolerance" of Glu for Asp 
substitutions in a 4 P! contrasts members of the RGD-bind- 
ing family, which interact poorly with ligands with Glu 
substitutions [45-47]. This prompted us to examine the role 
of the a 4 /a 9 integrin subfamily in the binding of fertilin (3 
to mouse eggs. We generated a BAP-presented peptide con- 
taining the sequence MLDG (Table 1) based on the finding 
that MLDG-containing synthetic peptides and disintegrins 
EC3 and EC6 inhibit interactions mediated by a 4 P] [31] 
and a 9 P! [33], BAP-MAAG, with alanines substituted for 
the Leu and Asp residues, was the negative control, based 



on other studies [33]. As shown in Figures 3A and 4, 100 
|xM BAP-MLDG inhibited the binding of MBP-fertilin pD 
to eggs to a very similar extent as did the positive control, 
BAP-ECD. The concentration dependence of the effect of 
BAP-MLDG on MBP-fertilin |3D binding was virtually 
identical to that of BAP-ECD (Fig. 4), with a significant (P 
< 0.05) reduction in binding observed with 20-100 |xM of 
BAP-MLDG and BAP-ECD as compared to control BAP; 
this contrasted the results with BAP-RGD, which showed 
inhibitory activity only at 80-100 p-M (Fig. 2). 

Effects of BAP-RGD and BAP-MLDG on the Binding 
of Bead-Immobilized MBP-Fertilin (3D to Eggs 

The results in Figures 2, 3A, and 4 show the effects of 
BAP-RGD and BAP-MLDG on soluble MBP-fertilin pD 
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Concentration (jiM) 

FIG. 4. Concentration dependence of the effects of BAP-ECD and BAP- 
MLDG on the binding of MBP-fertilin (3D to eggs. ZP-free eggs were 
incubated in medium containing the indicated concentration (20, 40, 80, 
or 1 00 m-M) of the indicated BAP-presented peptide for 60 mi n, and then 
in medium containing 0.5 mg/ml of MBP-fertilin (3D (9.0 p,M) and the 
indicated BAP-presented peptide for 60 min. The levels of MBP-fertilin 
pD binding to eggs were then assessed with a luminometric immunoas- 
say. The data presented are from at least three individual experiments 
{with 8-12 eggs tested per peptide per experiment), and are normalized 
for the level of MBP-fertilin (3D binding to control eggs with no BAP- 
presented peptide added (average 21 558 ± 1589 RLU/10 sec), which 
was defined as 100%. Error bars represent SEM. Open squares, control 
BAP; filled squares, BAP-ECD; filled triangles, BAP-ECA; open triangles, 
BAP-ECE; open circles, BAP-MLDG; filled diamonds, BAP-MAAG. The 
differences between binding levels with 20, 40, 80, or 100 jiM BAP-ECD 
and BAP-MLDG, and 80 or 100 ^M BAP-ECE were statistically signifi- 
cantly different (P < 0.05) from those in the absence of BAP-presented 
peptide and in the corresponding concentrations of control BAP. The ef- 
fects of 80 or 100 |xM BAP-MAAG and BAP-ECA were not statistically 
significant compared with controls. 



using a binding assay we have used previously [2, 3, 15, 
39, 48]. Other studies have used a different binding assay, 
with proteins immobilized on fluorescent beads [8, 14, 34], 
to assess the effects of inhibitory reagents on the interac- 
tions of various forms of fertilin p and cyritestin (ADAM3) 
with mouse eggs. Therefore, we wanted to examine the 
effects of BAP-RGD and BAP-MLDG on bead-immobi- 
lized MBP-fertilin p. In these experiments, the BAP-pre- 
sented peptides were tested at 100 jjlM. As shown in Figure 
3, BAP-ECD (Fig. 3G) and BAP-MLDG (Fig. 3U) signif- 
icantly inhibited the interaction of bead- immobilized MBP- 
fertilin pD to eggs, similar to what was observed with sol- 
uble MBP-fertilin pD (Figs. 3A and 4). BAP-ECA (Fig. 
3K) had no effect, and BAP-ECE (Fig. 31) had a partial 
inhibitory effect, also in agreement with results with solu- 
ble MBP-fertilin pD (Figs. 3 A and 4, and [15]). It was 
surprising that results with BAP-RGD and BAP-RGE on 
bead-immobilized MBP-fertilin pD differed from the re- 
sults of those with soluble MBP-fertilin pD and pDL (Figs. 
2 and 3A). BAP-RGE had little or no effect on the binding 
of bead-immobilized MBP-fertilin pD (Fig. 30), with bind- 
ing levels similar to eggs treated with control BAP, BAP- 
RGA, and BAP-sRGD (Fig. 3, E, Q, and S). This contrasted 
the partial inhibitory effect that 100 \xM of BAP-RGE had 
on soluble MBP-fertilin pD and pDL (Figs. 2 and 3A). 
BAP-RGD (Fig. 3M) inhibited the binding of bead-immo- 
bilized MBP-fertilin pD to a very similar extent as BAP- 
ECD and BAP-MLDG (Fig. 3, G and U). This contrasted 
the partial inhibitory effect of BAP-RGD on soluble MBP- 
fertilin pD, which was not nearly as robust as the inhibitory 
effects of BAP-ECD and BAP-MLDG (Figs. 2-4). 



Effects of Anti~a 6 and Anti-CD9 Antibodies on the 
Binding of Bead-Immobilized MBP-Fertilin pD to Eggs 

BAP-RGD and BAP-RGE appeared to have different ef- 
fects on soluble versus bead-immobilized MBP-fertilin (3D. 
BAP-RGE had no effect on bead-immobilized MBP-fertilin 
PD (Fig. 30), but a partial inhibitory effect on soluble 
MBP-fertilin pD (Figs. 2 and 3A), whereas BAP-RGD had 
a partial effect on soluble MBP-fertilin pD (Figs. 2 and 
3A) but a significant inhibitory effect on bead-immobilized 
MBP-fertilin pD (Fig. 3M). Likewise, we have observed 
that another reagent, the anti-CD9 monoclonal antibody 
KMC8.8, does not affect the binding of soluble MBP-fer- 
tilin a (ADAM1) disintegrin domain to eggs, but inhibits 
bead- immobilized MBP-fertilin ctD binding [39], In light 
of these data, we wanted to examine the effect of anti-CD9 
antibodies on bead-immobilized MBP-fertilin pD. We also 
examined the anti-a 6 monoclonal antibody GoH3. This an- 
tibody has been previously reported to inhibit the binding 
of some forms of bead- immobilized fertilin P [14, 34] but 
did not inhibit the binding of soluble full-length recombi- 
nant fertilin p [2] or of soluble or bead-immobilized MBP- 
fertilin aD [39]. Additional data suggest that a 6 is not es- 
sential for sperm or fertilin p binding to eggs [2, 18]. 

We observed that GoH3 (anti-ot 6 ) had very little inhibi- 
tory effect on the binding of either soluble or bead-immo- 
bilized MBP-fertilin pD to eggs (Fig. 5, A and I), even 
though GoH3 bound strongly to the egg plasma membrane 
as detected by immunofluorescence (data not shown). It is 
interesting that KMC8.8 (anti-CD9) did not have an effect 
on the binding of soluble MBP-fertilin pD (Fig. 5A), but 
inhibited the binding of bead-immobilized MBP-fertilin PD 
(Fig. 5K). KMC8.8 was tested at 50 u,g/ml, a concentration 
that inhibits fertilization [18], and at 500 u,g/ml (data not 
shown). Neither 50 nor 500 p-g/ml of KMC8.8 inhibited the 
binding of soluble MBP-fertilin PD, whereas both concen- 
trations inhibited the binding of bead-immobilized MBP- 
fertilin pD. The positive control reagent, BAP-ECD, inhib- 
ited the binding of soluble (Fig. 5 A) and bead-immobilized 
MBP-fertilin pD (Fig. 5E) when tested in parallel with 
these antibodies. 

Analysis of GST-Expressed Fertilin pD and Effects ofAnth 
a 6 and Anti-CD9 Antibodies and BAP-RGD and BAP- 
MLDG on Its Binding to Eggs 

The results with GoH3 (Fig. 51) contrasted with those of 
a previous study that observed GoH3 inhibition of the bind- 
ing of recombinant fertilin p prepared as a GST fusion 
protein [14]. Because we have prepared recombinant fertil- 
in ct and P proteins as fusion proteins with MBP [2, 3, 15, 
39, 48], we hypothesized that the discrepancies between 
these results with GoH3 might be due to the method by 
which recombinant fertilin p was prepared. We therefore 
generated fusion proteins of GST-fertilin pD, and cleaved 
fertilin pD from GST with thrombin (Fig. 6), following 
methods previously described [14, 30]. 

The results with GST-expressed fertilin pD (Fig. 3, A 
and b-w) essentially mirrored what was observed with 
MBP-fertilin pD (Fig. 3, A-W). BAP-RGD moderately in- 
hibited the binding of soluble GST-expressed fertilin PD 
(Fig. 3A, open bars) and strongly inhibited bead-immobi- 
lized GST-expressed fertilin pD (Fig. 3m; on some eggs, 
this effect was not quite as robust as the effect on MBP- 
fertilin PD [Fig. 3M]). BAP-RGE had a moderate inhibi- 
tory effect on the binding of soluble GST-expressed fertilin 
pD (Fig. 3A, open bars), but almost no effect on the bind- 
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FIG. 5. Effects of anti-a b (GoH3) and anti-CD9 (KMC8.8) monoclonal 
antibodies on the binding of soluble and bead-immobilized MBP-fertilin 
PD and GST-expressed fertilin pD to eggs. A) ZP-free eggs were incubated 
in Whitten medium (no IgG) or in medium containing the indicated an- 
tibody (500 |xg/ml of control nonimmune rat IgG or GoH3, or 50 ng/ml 
of KMC8.8), or 100 u.M BAP- ECD for 60 min. The eggs were then incu- 
bated in medium containing 0.5 mg/ml of either MBP-fertilin pD (solid 
bars) or GST-expressed fertilin pD (open bars) and the indicated antibody 
or BAP-ECD for 60 min. Egg-associated recombinant fertilin PD was de- 
tected using a luminometric immunoassay, using an anti-MBP or anti-6His 
antibody. The data were normalized for the no IgG control (defined as 
100%; average 20604 ± 3169 and 21696 ± 2223 RLU/10 sec for MBP- 
fertilin (3D and GST-expressed fertilin pD, respectively), and represent the 
results from three separate experiments, with 10-15 eggs examined per 
experiment per group. The error bars represent the SEM. The differences 
between no IgG, control IgG, GoH3m, and KMC8.8 were not statistically 
significant, whereas the difference between no IgG and BAP-ECD were 
significant (denoted by an asterisk). B-U) ZP-free eggs were incubated in 
Whitten medium (no IgG) or in medium containing the indicated antibody 
(500 jig/ml of control nonimmune rat IgG or CoH3, or 50 jig/ml of 
KMC8.8), or containing 100 \lM BAP-ECD for 60 min. The eggs were 
then incubated a 20-|xl drop of Whitten medium containing a 0.02% 
suspension of 0.2-|xm fluorescent beads coated with either MBP-fertilin 
PD (B-K) or GST-expressed fertilin p (L-U) and the indicated antibody 
for 60 min. The upper row of panels shows phase contrast images; the 
lower row of panels shows fluorescent images (B-K and L-U are slightly 
different magnifications). The egg treatments were as follows: no IgG (B, 
C L, and M), BAP-ECD (D, E, N, and O), control nonimmune rat IgG (F, 
G, P, and Q), GoH3 (H, I, R, and S), and KMC8.8 (J, K, T, and U). 
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FIG. 6. SDS-PAGE analysis of GST-expressed fertilin pD. The disintegrin 
domain of mouse fertilin p was generated as GST fusion protein with a 
6 His tag, which was then released from GST by thrombin cleavage, and 
purified as described in Materials and Methods. Samples were resolved 
on a 12.5% SDS-polyacrylamide gel under reducing (lanes 1, 2, and 3) 
or nonreducing (lanes 4, 5, and 6) conditions, and stained with Coomassie 
Brilliant Blue. Lanes 1 and 4, GST-fertilin pD; lanes 2 and 5, thrombin- 
cleaved GST-fertilin pD, showing GST (asterisk) and fertilin PD (arrow- 
head); lanes 3 and 6, purified GST-expressed fertilin pD (arrowhead). 



ing of bead-immobilized GST-expressed fertilin (3D (Fig. 
3o). The effects of BAP-RGD and BAP-RGE on soluble 
GST-expressed fertilin (3D were statistically similar (P > 
0.05). BAP-MLDG inhibited the binding of both soluble 
and bead- immobilized GST-expressed fertilin (3D (Fig. 3, 
A and u) to an extent similar to BAP-ECD (Fig. 3, A and 
g). BAP-ECE had a moderate inhibitory effect on the bind- 
ing of soluble and bead-immobilized GST-expressed fertilin 
(3D (Fig. 3, A and i). The alanine-substituted and scrambled 
control peptides (BAP-ECA, BAP-RGA, BAP-sRGD, and 
BAP-MAAG) had very little effect on the binding of sol- 
uble and bead-immobilized GST-expressed fertilin (3D to 
eggs (Fig. 3, A, k, q, s, and w), similar to the control BAP 
protein (Fig. 3, A and e). 

The effects of GoH3 and KMC8.8 on the binding of 
soluble and bead-immobilized GST-expressed fertilin pD 
were also similar to the effects of these antibodies on sol- 
uble and bead immobilized MBP-fertilin (3D (Fig. 5). GoH3 
had very little inhibitory effect on the binding of either 
soluble or bead-immobilized GST-expressed fertilin (3D 
(Fig. 5, A and S). KMC8.8 inhibited the binding of bead- 
immobilized GST-expressed fertilin pD to eggs (Fig. 5U), 
but did not appear to affect the binding of soluble GST- 
expressed fertilin pD at 50 u,g/ml (Fig. 5A) or at 500 pug/ 
ml (data not shown). In all experiments, the binding of 
GoH3 and KMC.8.8 antibodies to eggs was confirmed by 
indirect immunofluorescence (data not shown). The positive 
control reagent, BAP-ECD, inhibited the binding of soluble 
(Fig. 5A) and bead-immobilized GST-expressed pD (Fig. 
50). 

DISCUSSION 

Candidate Integrins to Serve as Receptors for Fertilin /3 

Our results with BAP-MLDG suggest the involvement 
of a member of the 04/0:9 subfamily of integrins (Fig. 1) in 
the interaction of fertilin P with the egg membrane. BAP- 
MLDG, a peptide based on the disintegrin loop sequences 
of the snake venom disintegrin subunits EC3B and EC6A 
[31, 33], significantly inhibits fertilin (3 binding to an extent 
similar to BAP-ECD, a peptide matching the fertilin p dis- 
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integrin loop sequence (Fig. 3). EC3, EC6, and MLDG pep- 
tides perturb ot 4 /a 9 -mediated interactions, a 4 p r VCAM-l, 
a 4 p 7 -MadCAM-l, and a 9 p r VCAM-l [31, 33], 

BAP-RGD also inhibits the interaction of fertilin p with 
the egg membrane, although this inhibition is partial and 
less robust than inhibition with BAP-MLDG (Figs. 2-4). 
As noted in the Introduction, the RGD-binding integrins 
and the a 4 /a 9 integrins both recognize Asp residues in their 
ligands (Fig. 1). Interactions between a A ^ x and VCAM-1 
(mediated by an IDS sequence in VCAM-1) and the CS-1 
fragment of fibronectin (mediated an LDV sequence in fi- 
bronectin) can be inhibited by specialized forms of RGD 
or similar Asp-containing peptides [49, 50], although short, 
linear RGD peptides are ineffective [31, 49]. Thus, there 
are at least two possible explanations for the activity of 
BAP-RGD in these fertilin P binding assays. BAP-RGD 
could be moderately inhibiting an ot 4 /a 9 integrin on the egg 
surface to perturb fertilin (3 binding. It is also possible that 
an RGD-binding integrin contributes to fertilin p binding; 
this may be particularly true for bead-immobilized recom- 
binant fertilin p (Fig. 3, M and m; see below). Two a in- 
tegrin subunits of the RGD-binding family (a 5 , a v ) and p 
subunits with which they dimerize (P l5 p 3 , p 5 ) have been 
detected on mouse eggs [16, 51-53]. RGD peptides have 
been reported to inhibit membrane interactions of sperm 
with hamster or bovine eggs [54, 55] (although they have 
less effect on mouse gametes [16, 41]), and a v p ( has re- 
cently been implicated in the interactions of porcine gam- 
etes [56]. 

The inhibition of interactions by MLDG-containing dis- 
integrins and peptides appears to be quite specific for ot 4 / 
a 9 integrins. The heterodimeric disintegrins EC3 (com- 
posed of EG3A with the disintegrin loop sequence VGD, 
and EC3B with MLD) and EC6 (composed of EC6A with 
MLD, and EC6B with RGD) can inhibit two RGD-binding 
integrins (a 5 p, and ct IIb p 3 ), and an MLDG-containing pep- 
tide inhibits a 5 Pi -fibronectin interactions to a modest ex- 
tent. However, these activities are quite weak, attributable 
to the VGD or RGD subunits, or both [31, 33]. In contrast, 
<*4pi -VCAM-1 interactions are inhibited by the MLDG- 
containing EC3B subunit alone [31] or by MLDG-contain- 
ing peptides [33] but not by RGD-containing peptides [31, 
49], and a 9 p r VCAM-l interactions are inhibited by EC3, 
EC6, and by MLDG-containing peptides, but not by the 
RGD-containing disintegrin echistatin [33]. 

Despite the robust effect of BAP-MLDG on the inter- 
action of fertilin p with mouse eggs, the identity of the 
molecules that are perturbed by BAP-MLDG is unclear. 
Two obvious possibilities are an ot 4 integrin, an a 9 integrin, 
or both, and reference has been made to the ot 9 integrin 
[30]. The a 4 subunit has been reported to be present on 
hamster eggs [57], but expression on human eggs is weak 
or absent [57, 58], and we have failed to detect a 4 on mouse 
eggs (using two different monoclonal antibodies in immu- 
nofluorescence experiments and in highly sensitive lumi- 
nometric immunoassays; data not shown). It was recently 
reported that cx 9 is detected in a pool of ESTs from three 
cDNA libraries of unfertilized or fertilized mouse eggs 
[59], although the protein has not been detected. In addi- 
tion, it is possible that a 4 Pt and a 9 p, do not recognize an 
ECD sequence. Although a 9 |3i apparently binds to ADAM 
disintegrin domains with DCD, ACD, or SCD sequences 
[30], an ECD-containing disintegrin (alternagin) has been 
reported to have no effect on a 4 Pj -VCAM-1 or a 9 p r 
VCAM-1 interactions [60]. Thus, whereas it is possible that 
fertilin p binds to a known ot 4 /ot 9 integrin, it is also possible 



that fertilin P binds to a different molecule, potentially a 
new member of the a 4 /a 9 integrin family. These are pos- 
sibilities we will be pursuing in the future. 

We find that GoH3 (anti-ot 6 integrin) has very little effect 
on the binding of recombinant fertilin P to eggs in two 
different binding assays using two different forms of re- 
combinant fertilin p. We consistently observe strong bind- 
ing of GoH3 to the egg membrane in these experiments 
(data not shown). It is unclear what the basis is for the 
discrepancy between reports of no inhibition by GoH3 (Fig. 
5 and [2, 1 8]) and other reports of GoH3 having inhibitory 
effects [14, 16, 34]. The concentrations of GoH3 needed to 
inhibit the binding of sperm and various forms of fertilin 
P [14, 16, 34] are 10- to 500-fold greater than those needed 
to inhibit a 6 p r laminin interactions [61], and cross-linked 
complexes of fertilin p disintegrin loop peptide and ot 6 0! 
can be immunoprecipitated with GoH3 [17], suggesting that 
the GoH3 epitope and the peptide binding site do not over- 
lap completely. We speculate that the role of a 6 Pi in fertilin 
P binding could be indirect, such as a component of a mul- 
timolecular network in the egg membrane (such as a te- 
traspanin web, as discussed in [8]), or it could represent a 
novel activity of ct^ (possibilities for which are discussed 
in [26]). 

Role of CD9, the Effects of Presentation Formats 

of Fertilin (3, and a Model for How Fertilin p Mediates 

Sperm Adhesion to the Egg Membrane 

An anti-CD9 monoclonal antibody (KMC8.8) inhibits 
fertilin P binding to eggs when recombinant fertilin pD is 
immobilized on small beads (Fig. 5, K and U) but does not 
inhibit the binding of soluble recombinant fertilin pD to 
eggs (Fig. 5A). We have observed similar effects of 
KMC8.8 on the binding of recombinant fertilin a disinte- 
grin domain to eggs [39]. Moreover, bead-immobilized fer- 
tilin pD appears to interact with a site that is sensitive to 
perturbation by BAP-RGD (Fig. 3, M and m, and Fig. 5L), 
whereas soluble fertilin p binding is considerably less sen- 
sitive to BAP-RGD perturbation (Figs. 2 and 3A). These 
results indicate that the formats of presentation of recom- 
binant fertilin pD (and fertilin ctD as well [39]) affect the 
sensitivity to inhibition by some reagents. Although the sig- 
nificance of this is not completely clear at this time, we 
speculate that soluble fertilin PD represents a monovalent 
ligand and that bead-immobilized fertilin p represents a 
multivalent ligand (as multiple protein molecules coat a sin- 
gle bead), and that the binding properties of these two types 
of ligand valencies differ. The interaction of soluble fertilin 
PD with the egg surface could represent a binding event 
between individual ligand and receptor molecules, and 
KMC8.8 may not affect this because the interaction of in- 
dividual fertilin P molecules (mimicked by this presenta- 
tion) with one or more binding partners on the egg is not 
dependent on CD9. The observation that this binding can 
be perturbed by BAP-MLDG (Fig. 3 A) suggest that it could 
be mediated by an a 4 /a 9 integrin or similar molecule (see 
above). The binding of a fertilin pD-coated bead could be 
mediated by multiple molecular interactions, which in turn, 
could lead to adhesion strengthening that allow the bead to 
remain attached to the egg membrane after a series of wash- 
es. This is analogous to cell adhesion systems in which 
adhesion strengthening can be defined and measured as the 
ability of an adherent cell (interacting with an substrate via 
cell adhesion molecules) to resist detaching shear forces. 
Because the binding of bead-immobilized fertilin pD can 
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be perturbed by BAP-MLDG and KMC.8.8 (Fig. 3, U and 
u; and Fig. 5, K and U), and by BAP-RGD to some extent 
(Fig. 3, M and m), we envision that this could be mediated 
by an a 4 /tx 9 integrin and perhaps also an RGD-binding in- 
tegrin, with these interactions supported by the context of 
a CD9-containing tetraspanin web in the egg membrane. It 
is interesting to note that mutations in the ot 4 subunit that 
impair the ability of a 4 0] to interact with the tetraspanin 
CD81 [62] also perturb the strengthening of ot 4 (J r VCAM- 
1 mediated adhesions, but not the ability of ot^ to bind 
to VCAM-1 [63]. Thus, it seems possible that KMC8.8 
perturbs the ability of a fertilin p-coated bead to adhere to 
the egg due to the antibody inducing the dissociation of 
CD9 from other molecules or by rearranging protein dis- 
tribution in the CD9-containing tetraspanin-containing net- 
work in the lipid bilayer. This could result in a suboptimal 
organization of sperm ligand receptors and associated mol- 
ecules in the plane of the egg membrane, leading to reduced 
binding of bead-immobilized sperm ligands (i.e., fertilin p; 
Fig. 5, and [35], fertilin a [39], and cyritestin [8]), or of 
the entire sperm [35]. Thus, these effects of KMC8.8 on 
multivalent ligands could be indicative of a role in CD9 in 
the strengthening of adhesions mediated by these and per- 
haps other sperm ligands. This is an intriguing possibility, 
particularly in light of the molecular, biochemical, and bio- 
physical parameters that affect complex adhesive events, 
including the interaction of sperm with egg. 
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